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Introduction
The systematic chemical analysis of foods for human consumption in the United States had its origin with Wilbur O. Atwater. As early as the late 1860s, Atwater, then a student at Yale University, conducted a series of analyses of the composition of Indian corn (1) . Atwater continued this research while at Wesleyan University and also as a scientist of the Storrs (Connecticut) Experiment Station in support of food consumption surveys and metabolic research that he was conducting. Although Atwater received direct funding as part of his role as Chief of Human Nutrition Investigations, USDA Office of Experiment Stations while at Wesleyan, he also had a unique ability to acquire support for his research from a variety of other sources. With regard to food composition activities, the Smithsonian Institution, United States Fish Commission, and United States National Museum were a few of the organizations that funded his research. Atwater also took advantage of timely events for his research. As an example, he collected a large number of national and international foods for analyses while at the Chicago World's Fair (1893) and, at the same time, secured over 500 samples of meats and meat products from the many local slaughterhouses. Atwater made sure the resulting data were widely distributed in a variety of publications (2, 3) , some of which are available on the USDA Nutrient Data Laboratory Web site (www.ars.usda.gov/nutrientdata).
USDA food composition activities moved from Connecticut to Washington, DC, in the early 20th century and ultimately to the Henry A. Wallace Beltsville Agricultural Research Center at Beltsville, MD, as the various headquarters, offices, and bureaus were relocated (H. J. Souders, personal communication) ( Table  1) . During this period, the direction of composition activities was determined largely by the discovery of new essential nutrients and the need to tabulate their levels in foods.
Throughout the 20th century, nutrition research expanded on many fronts. A critical aspect of food composition research has always been the application of new and developing analytical technologies. Thus, assays based on colorimetry and microbiological response were replaced by gas-liquid chromatography and HPLC. Sophisticated spectrometric techniques, such as MS, soon followed for both inorganic and organic nutrients and, starting in the 1970s, complementary areas of technology, such as computers, made tremendous advances possible. They greatly facilitated instrument control and the acquisition, processing, tabulation, manipulation, and display of data. These technological developments were accompanied by the evolution of 2 new concepts: the establishment of a computerized USDA Nutrient Data Bank to provide food composition data for researchers and the public, and a new paradigm for obtaining high quality analytical data based on reference materials. The data bank was critical to the expansion of research on the connection between diet and chronic disease and the epidemiological phase into which nutrition research had moved (24) . Implementation of these new concepts required extensive collaboration between federal agencies, academia, and the food industry, resulting in an explosion of health-related research.
Development of analytic methods, instrumentation, and data collection The latter quarter of the 20th century was the era of recognition of the connection between diet and chronic diseases such as vascular disease, cancer, and other debilitating maladies. As a result, nutrients and other potentially health-promoting food components were investigated extensively for their association with disease prevention processes. These investigations required up-to-date and accurate food composition information and, frequently, the development of newer, more sensitive and accurate analytical methods. Government administrators saw the need for high quality data so that hypotheses on the relationship of diet and health could be tested. The food industry also had a stake in this process as it developed new foods for a rapidly growing and aware populace. Thus, long-term collaborations were developed between the USDA, many other government agencies, the food industry, and numerous universities (Tables 2 and 3) .
These collaborations were often the result of the foresight and initiative of individual administrators and scientists. In the early 1970s, Robert Levy [National Heart Lung and Blood Institute (NHLBI), 4 NIH] and Willis Gortner (Nutrition Institute, USDA) discussed the possibility of enhancing measurement and collation of data at USDA for cholesterol, fatty acids, and other nutrients associated with heart disease. This resulted in a collaboration that lasted 30 y ( Table 2 ). The committee report, ÔDiet, Nutrition, and Cancer,Õ published by the NRC, spurred the latter collaboration, particularly because Dr. Mertz was a member of the committee (25) .
By the mid 1990s there was an enormous demand for food composition information from many arenas, not the least of which was the diet-health community. These pressures plus the introduction of many new processed foods, the globalization of the U.S. food supply, and the ''aging'' of the National Nutrient Data Bank provided the impetus for the development of the National Nutrient and Food Analysis Program (NFNAP) in 1997 ( Table 2 ). The NFNAP is a multi-faceted program that was designed to identify, sample, and analyze foods that are significant contributors of nutrients and other bioactive components to the diets of Americans (26) . This large collaborative effort has involved as many as 17 institutes and offices of the NIH, several laboratories at the USDA, various contract laboratories, and university groups with unique capabilities and facilities. Both the NHLBI and NCI have assumed the role of coordinator for the NIH. During the last decade, several of the goals delineated for the NFNAP became research projects in themselves, i.e. identify ''key foods,'' develop probability-based U.S. food sampling, initiate a quality control program, etc., which have ensured the quality and quantity of food composition information (27) (28) (29) . At the end of the 20th century, .50% of the American population reported the consumption of dietary supplements during any given month, thus contributing substantial levels of nutrients and health-related components to the diet. However, precise information on nutrient content and nonnutrient, healthrelated components of supplements was weak. This stimulated the ongoing collaboration between the Office of Dietary Supplements (ODS) of the NIH and the food and nutrient composition laboratories of the USDA (Table 2) . Two specific goals were identified: 1) develop an accurate and comprehensive database on nutrient content of dietary supplements; and 2) develop robust analytical procedures for the measurement of health-related components of supplements containing biological materials.
These collaborations, and others established in the late 20th and early 21st centuries, were initiated because of the demand for food and dietary supplement composition data. During this era, very few organizations had the comprehensive analytical and data collation capability that was present at the USDA. Although these collaborations may have been initiated at the director's level, it was the many project officers at the NIH and scientists at the USDA that kept them productive and on-track through frequent discussions and oversight meetings.
These governmental interagency collaborations provided considerable impetus and direction relative to food composition activities. However, there was much other cooperation and collaborations that helped shape these efforts (Table 3) . A major contributor in this regard has been the food industry, specifically commodity-oriented associations such as the Egg Nutrition Board, the National Cattlemen's Beef Association, and the National Pork Products Association (formerly the National Livestock and Meat Board), as well as individual food companies and their associations such as the International Life Sciences Institute, Produce for Better Health Foundation, and the Beverage Institute for Health and Wellness. In general, these organizations contributed product-specific information and resources that supported the establishment of updated or new nutrient and food component data for the commodity or food classes they represented.
Scientists at universities have provided unique expertise and facilities that complemented those within the USDA. As an example, scientists at Virginia Polytechnic Institute and State University developed a unique laboratory and capability to comminute, aliquot, store, and analyze diets as part of multicenter human studies funded by the NIH (30, 31) . These same facilities and expertise were called upon in support of the huge NFNAP (Table 2 ). In addition, this group also assumed the role of quality assurance laboratory for the NFNAP. Several cooperative agreements and contracts were developed in collaboration with university faculty for the analysis of food components purported to be associated with reduced disease risk and as test sites for new instrumentation (Table 3) .
Analytical paradigm shift and associated collaborations During the latter quarter of the 20th century, there was a major paradigm shift in the assessment of the quality of analytical measurements from dependence upon a procedure-based ap- proach that relied on exactly following a carefully defined process that had been validated to give a desired precision. The paradigm shift was the added consideration of not only the precision produced by the use of a prescribed method but to also consider assessment of the accuracy of the actual performance of the method by adding requirements to include acceptable results from a known standard material (Fig. 1) . Prior to this paradigm shift from procedure-based to performance-based analytical measurements, the use of prescribed and validated analytical methods, such as those of the Official Methods of Analysis, published by AOAC International were considered to be the gold standard for food analysis ( Table 4) . The AOAC International validation process is an extensive, well-defined procedure based on verification of the ability of several laboratories to generate similar results using a prescribed analytical method. In truth, such methods only ensure the capability of producing precision or agreement of results for the specific matrices and conditions studied. They did not address potential differences in actual practice of the methods, such as different reagents, calibrations, laboratory conditions, skill of analysts, and, most importantly, the wide variety of matrices and materials that needed to be analyzed. These differences sometimes lead to either an underestimation or an overestimation of the nutrient, occasionally by orders of magnitude. While still producing highly precise results within a laboratory, various experiences often showed that, for biological materials and foods, accuracy could not be assured even if a validated procedure was carefully followed. This paradigm shift for foods analysis had its basis in the international metrology community, primarily in the coming together of the many countries into the European Union, and in the rich history of the development of standards for metals in alloys and steels by the National Bureau of Standards [NBS; now National Institute of Standards and Technology (NIST)]. The new paradigm was based on the use of certified reference materials (CRM), which are stable, homogeneous materials of matrices similar to ''real'' foods or other commodities and with carefully assigned analytical values for selected components (Fig. 1) . These materials serve as quality control samples to ensure that the analytical methods have produced accurate results, at least for the specific matrix of the reference material.
The shift to a performance-based assessment of accuracy was not trivial and required extensive collaboration among those national and international governmental agencies responsible for research, regulation, and metrology (Table 4) . With regard to food composition, 2 areas have received the most attention: the development of materials with ''food-based'' matrices that could serve as CRM, and education programs that focused on the value, use, and application of CRM for the improvement of data quality. The first food CRM were a collaboration between those scientists involved with the analysis of foods (food chemists and USDA scientists) and NBS scientists who had experience in the execution of highly accurate analyses to produce reference materials, often in quite different matrices (steels and alloys). Continued demand for CRM resulted in national and international expansion of collaboration between the international metrology community (NIST, European Union Institute of Reference Materials and Measurements, etc.) and other agencies such as the USDA Agricultural Research Service, USDA Food Safety and Inspection Service, FDA, Agriculture Canada, and the Laboratory of the Government Chemist, UK. These collaborations have resulted in over 60 food-based CRM with nearly 700 assigned values for a wide range of individual nutrients and food components (43) .
The second aspect of the shift to a performance-based paradigm has been a large education program. A new international symposium series was initiated in 1983, the International Symposium on Biological and Environmental Reference Materials, to promote the appropriate application of CRM and identify needs for new certified materials (Table 4) . A decade later, in response to new food labeling legislation [National Nutrient Labeling and Education Act, 1990 (NLEA)], a book was published by the Association of Official Agricultural Chemists that identified suitable analytical methods for NLEA and for the first time, to our knowledge, addressed the issues of using appropriate CRM with the validated methods ( Table 4 As a specific example of the value of this paradigm shift, in 1988 new studies indicated that then-current eggs had a lower value for cholesterol (15-20%) than that listed in Agriculture Handbook No. 8 (14) . Differences were attributed to new production practices (smaller eggs reaching the marketplace) and/or to advances in analytical methodology. A collaborative effort resulted in the development of a new CRM, Cholesterol in Whole Egg Powder (SRM 1845), to help differentiate between the analytical and production issues ( Table 4 ). The differences in values for cholesterol in eggs were shown to be a factor of both production practices and analytical improvements.
A second example of the value of the incorporation of CRM into analytical procedures is the results from the NFNAP program (Table 2 ). This program generated over 7000 food samples that required analyses of .100 nutrients and other dietary components. Custom-made control composites [quality control materials (QCM)] were developed and characterized through analysis with CRM. In this way, the QCM could be used with every batch of samples and every nutrient to be determined and serve as a surrogate for accuracy and precision. Thus, the data released during the last decade by the Nutrient Data Laboratory can be considered to be more reliable than data generated in the absence of an extensive quality control program. Therefore, the availability of a large number of CRM and the development of some 20 foodrelated QCM (44) made possible the ongoing monitoring of analytical work that resulted in data of high accuracy and precision (43) .
Critical evaluation of food composition data
The increased focus on the accuracy of analytical data led to concern for the validity of some of the food composition data that were posted in Agriculture Handbook No. 8 (14) . This concern was stimulated by preliminary data on the iron content of beef and corn syrup. The results of the new assays, using validated analytical methods, and extensive nationwide sampling of meat products indicated that the iron content of beef was only two-thirds and pork only one-third (45) of that reported in the then-current Agriculture Handbook No. 8 (14) . An in-depth, historical investigation revealed that the existing iron values for red meats had been calculated from the protein content of muscle, which was easier to measure than iron levels per se (46) .
The original iron-protein relationship was established in the early 1900s by H. C. Sherman, a colleague of Atwater, and based on the analysis of only 2 samples. This value was carried forward for most of the 20th century and was incorporated in the USDA Handbook on Composition of Foods when food composition tables were revised at the onset of World War II. As a result of these findings with meat, a full evaluation of the iron contents of food was conducted (22) . Subsequently, it was discovered that the level of iron for corn syrup was significantly lower than the value in existing tables. Historical sleuthing discovered that iron values for corn syrup had been based on levels for blackstrap molasses. This was important in that the USDA at the time was recommending corn syrup as a source of iron for populations at risk of iron deficiency in several food assistance programs.
Based on this experience, scientists involved with the generation and collation of food composition data thought that users of the data should have some knowledge of the quality of the information with which they were working. The first data evaluation system was developed at the USDA and was applied to the new published data for the iron content of foods in 1983 (22) . The system was subsequently modified and expanded for the evaluation of selenium content of foods (47) .
Five categories of information (number of samples, analytical method, sample handling, sampling plan, and analytical quality control) were identified by the research team as those that most impacted the quality of the analytical data to be reviewed. At that time, an expert system prototype was developed to include specific questions or criteria within each of the 5 categories. These criteria were used to evaluate the specific values for components in foods and to rate their quality on a scale of 0-3. The data evaluation system was further modified when it was applied to the individual carotenoid content of foods, the first organic class of food components to receive such scrutiny (48) . Application of the system to data for new food components (isoflavones, flavonoids, and proanthocyanidin) resulted in further modifications in the rating scale and proved it was a valuable tool for systematic evaluation of the quality of analytical data for foods. This system creates a quality index and confidence code for each nutrient/food combination for which there are analytical data and provides the Currently available national and international food-related CRM classified according to above system for analysis of nutrients and other components of foods (43) .
user with an indication of the reliability that can be placed on the data. In this way, the availability of confidence codes provides clear information about the reliability of the data for a specific purpose. In general, data sources that rate high on quality contain ample evidence for each of the 5 categories mentioned. In contrast, sources judged less reliable consistently lack information about analytical quality control and food sampling procedures. A major step forward was taken when the principles of the data evaluation system were applied to the data collection, evaluation, and documentation for nutrients and other food components to be entered into the National Nutrient Databank System (27) . This system also generates a quality index and confidence code for each nutrient/food combination, similar to that described above. One example of how these results are utilized is at the initiation of the planning of a specific project for generating new data. The existing data are evaluated for quality and the resulting information is used to rank key foods according to their priority for future sampling and analyses.
The USDA Data Quality Evaluation System represents one of the first efforts to standardize and harmonize the evaluation of analytical data quality across the international food composition network. Several other countries have adapted the USDA Data Quality Evaluation System and applied it to a specific set of published works (49, 50) . In fact, the European Food Information Resource, a consortium of governments and institutions in 26 countries of the European Union, has adapted the USDA system to evaluate published literature for bioactive substances in foods and is also developing a system for assessing the quality of nutrients in foods (51) .
In retrospect, it seems obvious that food composition data should receive critical scrutiny before they are released to the public and the scientific community. This ensures high quality data to support research on the relationship between diet and health. In all areas of science, potential users of data require that the processes for collecting and compiling data be transparent, i.e. that the sources and procedures for estimation be known to all. Furthermore, it has been the vision of the scientists involved in the conception of the idea and the collaboration of the many agencies and organizations that have heightened awareness of the need for a systematic approach to such evaluations. In addition, these collaborations contributed greatly to the importance, breadth, and depth of the system required for critical evaluation of analytical data. Summary W. O. Atwater is considered to be the father of food composition activities in the United States. For his time, he was extremely resourceful in acquiring funds and developing a wide variety of collaborations and cooperation. Although there was cooperation with universities in the form of grants and contracts throughout the early and mid-20th century, it was the association of nutrients and other food components with the etiology of chronic diseases as well as the desire for the highest quality food composition data that spawned the extensive collaborations of the latter part of the last century and the current era.
These collaborations focused on 3 areas: development of accurate and precise analytic procedures and instrumentation as well as generation of food data, improved accuracy of data generated by analytic methods, and critical evaluation of food composition data. As a result, collaborations involving food composition activities have been and are associated with health research agencies, such as the USDA, NIH, FDA, and other federal organizations with responsibilities for the wholesomeness of foods. Many of these collaborations had their origins with scientists and/or administrators who were visionaries for their time and sought out the food composition activity of the USDA to develop new tools for their tool boxes in the neverending pursuit of diet and health associations. Collaboration with many other groups such as the food industry and their associations, universities, and the instrumentation industry has helped develop and shape food composition activities and products. A major paradigm shift in the acquisition of accurate analytical data has resulted in extensive collaboration with metrology groups in the US and around the world as well as with food analysts. Development of a unique critical data evaluation system resulted in part from the generation of more accurate data that had reference values for comparison. All of these collaborations have greatly helped shape and advance the science of food composition and have provided the most extensive and reliable set of food composition data in history.
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